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This article reports another step in an ongoing effort to understand the fragmentation of T-rich
oligodeoxynucleotides. We extended an earlier investigation of T-rich 4-mers [1] to T-rich
6-mers, 8-mers and 10-mers by using four different tandem mass spectrometric methods. The
methods include low-energy collisionally activated decomposition (CAD) of electrospray
ionization (ESI)-produced ions, source-CAD of ESI-produced ions, post-source decay (PSD),
and CAD of matrix assisted laser desorption ionization (MALDI)-generated ions. The most
abundant fragment ions produced from [M 2 2H]22 precursors upon low-energy CAD in an
ion trap are the [a 2 B]2 and their complementary w ions. The predominant cleavage sites for
T-rich oligodeoxynucleotides are always the 39 C™O bonds adjoining a non-T nucleobase (i.e.,
a base with a higher proton affinity (PA) than that of T). The relative abundance of [a 2 B]2
correlates with the PAs of the nucleobases, underscoring the importance of proton transfer to
the base. The propensity to form [a 2 B]2 ions falls in the order of G . C ’ A .. T. Structural
isomers up to 10-mers can be readily sequenced and distinguished with each of the four
tandem mass spectrometric methods applied. The fragmentation of oligodeoxynucleotides in
which various phosphates were replaced with methylphosphonate is a measure of the
participation of the phosphate proton in the formation of [a 2 B]2 ions. For 4 and 5-mers,
transfer of an acidic proton from the 59-phosphate to the departing base is the initiating step
in the formation of [a 2 B]2 ions. (J Am Soc Mass Spectrom 2001, 12, 580–589) © 2001
American Society for Mass Spectrometry
We are interested in the fragmentation mecha-nisms of T-rich oligodeoxynucleotides fortwo reasons. First, T-rich regions of DNA are
an important target for UV damage [2]. Therefore,
understanding the fragmentation mechanism of T-rich
oligodeoxynucleotides is a starting point in the devel-
opment of a mass spectrometric scheme to study the
mutation profiles of UV damage to DNA. Second,
T-rich oligodeoxynucleotides are appropriate subjects
for studying fragmentation of oligodeoxynucleotides
because T is relatively unreactive in mass spectral
fragmentation, allowing us to focus on selected frag-
mentation centered around other bases placed in a
T-rich environment.
MS and MS/MS have long played an important role
in the characterization of nucleotide constituents [3].
Fragmentation patterns of oligonucleotides are similar
and depend little on the ionization or mass-analysis
methods used to obtain their spectra [1]. The major
fragmentation channel for oligonucleotide anions ap-
pears to be the cleavage of the 39 C™O bond of the sugar,
causing loss of the nucleobase and subsequent genera-
tion of w ions and their complementary [a 2 B]2 ions.
For ESI-generated precursor ions, three fragmenta-
tion mechanisms were proposed to account for the
formation of [a 2 B]2 and complementary w2 ions. In
1993, McLuckey and Habibi-Goudarzi [4] proposed a
two-step, 1,2-elimination process to rationalize that
neutral and negatively charged bases are lost in combi-
nation with the formation of [a 2 B]2 and w2 ions
(Scheme 1A). Rodgers and coworkers [5] proposed a
proton-bound intermediate as the common precursor
for both neutral and charged-base losses (Scheme 1B).
In their mechanism, the deprotonated 39-phosphate
group abstracts the 29-proton from the sugar moiety,
thereby promoting cleavage of the N-glycosyl bond.
The released base anion interacts with the neutralized
39-phosphodiester group to form a proton-bound inter-
mediate that gives either charged-base or neutral-base
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loss. A third proposal by Barry et al. [6] is a two-step,
1,2-elimination (Scheme 1C). The N-glycosyl bond
cleavage is promoted by the 39-phosphate anion, which
interacts with the 29-proton on the sugar via a 6-mem-
bered ring transition structure. The subsequent 39-
phosphodiester bond cleavage is catalyzed by the 59-
phosphate group, which interacts with the 49-proton on
the sugar, also via a 6-membered ring transition struc-
ture, to give the [a 2 B]2 and w2 ions.
Various other mechanisms explain formation of the
[a 2 B]2 ion and its complementary w2 ion for
MALDI-generated precursor ions. In 1995, Nordhoff
and coworkers [7] proposed a charge-remote, base-
elimination mechanism catalyzed by intramolecular
proton transfer followed by subsequent cleavage of the
39- and 59-phosphoester bonds (Scheme 1D). Instead of
intramolecular proton transfer as the initial step, Zhu et
al. [8] proposed that base loss occurs via proton transfer
from the matrix to a nucleobase (Scheme 1E). This
frequently quoted mechanism, however, addresses de-
compositions occurring in the solid phase prior to
gas-phase decomposition. Nordhoff et al. [7] also pro-
posed a charge-controlled, base-loss mechanism where
charge translocation is the result of base loss (Scheme
1F).
In a previous investigation on T-rich tetramers, we
[1] proposed that a zwitterionic intermediate results
from intramolecular proton transfer and is the common
precursor for the formation of both [a 2 B]2 and w2
ions (Scheme 2). The 59-phophate acidic proton is trans-
ferred to the nucleobase, causing loss of the neutral base
via a short-lived intermediate zwitterion. The zwitte-
rion undergoes further fragmentation to give [a 2 B]2
and w2 ions. The relative abundance of the product ion
from neutral-base loss is low, suggesting that [M 2 B]2
is probably not stable and has a short lifetime. Principal
evidence for the mechanism is the inability of a singly
charged precursor to give an [a2 2 B]
2 ion [1]. Another
comes from H/D exchange, and those results are in two
recent articles [9, 10].
In this article, we report the product-ion spectra of
isomeric T-rich hexa, octa, and decamers; the spectra
are low-energy and source-CAD spectra of ESI-pro-
duced ions, and PSD and CAD spectra of MALDI-
produced ions. The goals are to seek additional evi-
dence in support of the mechanism we proposed for
tetramers [1] and to find fragmentation that distin-
Scheme 2. Fragmentation mechanism for the formation of
[a3 2 B3]
2 ion from singly charged tetradeoxynucleotides.
Scheme 1. Summary of previously proposed fragmentation
mechanisms.
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guishes structural isomers. We wish to answer two
questions regarding the fragmentation mechanisms of
gas-phase oligodeoxynucleotides. First, what is the ini-
tiation step? If intramolecular proton transfer to the
nucleobase indeed initiates the formation of [a 2 B]2
ions, the relative abundance of these ions should corre-
late with the proton affinities of the nucleobases. There-
fore, we located different bases (A, T, G, and C) in the
middle of a T-rich 8-mer, and measured the relative
abundances of [a4 2 B4]
2 and [a5 2 B5]
2 ions so that
we could correlate them with the PAs of bases 4 and 5.
Second, what is the origin of the proton that is trans-
ferred to the nucleobase? To answer this question we
replaced various phosphate groups by methylphospho-
nates to remove the opportunity for proton transfer,
specifically from the 59-phosphate, in the formation of
[a 2 B]2.
Experimental
Materials
All oligodeoxynucleotides used in this study were
synthesized and purified (on the 0.2-mmol scale) by the
Nucleic Acid Chemistry Laboratory at Washington Uni-
versity and were used without further purification.
Methylphosphoramidite building blocks were pur-
chased from Glen Research (Sterling, VA) and incorpo-
rated into phosphodiester oligodeoxynucleotides by
standard phosphoramidite chemistry to produce iso-
meric 4-mers and 5-mers with a methylphosphonate
linkage at various sites.
ESI-MS on an Ion-Trap Instrument
Negative-ion ESI-mass spectra were obtained with a
Finnigan LCQ mass spectrometer (San Jose, CA). Oli-
godeoxynucleotides, with or without the methylphos-
phonate, were dissolved in a solution of 1% NH4OH in
50/50 (v:v) methanol/water to give a final concentra-
tion of approximately 15 mM. The same solvent solution
was used as the carrier for electrospray, which was
done with a flow rate of 5 mL/min. For each measure-
ment, 10 mL of the sample was injected. The spray
voltage was held at 4.6 kV, the capillary temperature
was set to 200 °C, and the capillary voltage was ad-
justed to 213.0 V for negative-ion detection. The instru-
ment was operated at a background pressure of 2.7 3
1023 Pa, as measured by a remote ion gauge that was
standard for the commercial instrument. In all experi-
ments, helium was introduced to an estimated pressure
of 0.13 Pa for improving the trapping efficiency. The
background helium gas also served as collision gas
during the CAD event. The collision energy was 40, 20,
and 15% of the maximum available from a 5-V tickling
voltage for singly, doubly and triply charged anions,
respectively. The scan rate for product ions was 5000
u/s. Data were collected for approximately 10 scans
(each scan contains 3 “micro” scans) and analyzed with
both the instrument software and the ICIS software
developed by the manufacturer.
ESI Source-CAD on a Four-Sector Instrument
ESI source-CAD experiments were carried out on a VG
ZAB-T four-sector tandem mass spectrometer [11] cou-
pled with a VG Analytical ESI source (Manchester, UK).
Oligodeoxynucleotides were dissolved in a solution of
50/50 methanol/water to give a final concentration of
25 pmol/mL. The same solvent solution was used as the
mobile phase and was delivered by an infusion syringe
pump (Harvard Apparatus, South Natick, MA) at a
flow rate of 10 mL/min. For each measurement, 20 mL of
sample was injected through a Rheodyne 7125 loop
injector (Cotati, CA). Nitrogen was used as bath and
nebulizer gases with flow rates of 300 L/h and 12 L/h,
respectively, to provide coaxial flow of warm (;80 °C)
bath gas. Increasing the sampling cone voltage from 4.1
to 4.4 kV induced ESI source-CAD. The ions were
accelerated to 4 kV, analyzed under double focusing
conditions, and detected with a single-point detector
located at the end of the first stage of the mass spec-
trometer. The first-stage spectrometer was scanned at a
rate of 15 s/decade over the mass range of m/z 150 to
1500 with a 1-s delay between scans. Data were ac-
quired and recorded with the manufacturer’s DEC
Alpha 3000 workstation equipped with OPUS V 3.1X
data system and interfaced to the mass spectrometer via
a VG SIOS I unit.
MALDI PSD and MALDI CAD Experiments
MALDI PSD and CAD experiments were carried out on
a PerSeptive Biosystems Voyager DE-RP MALDI-TOF
instrument. A saturated solution of 4-hydroxy-3-me-
thoxycinnamic acid in 50% 0.1 M ammonium citrate
and 50% CH3CN containing 1% TFA was used as the
matrix. A sample solution (1 mL of 10-pmol/mL in
water) was mixed with the 1 mL of matrix solution on
the plate. The sample spots were then air dried at room
temperature. Negative ions were desorbed with a nitro-
gen laser (337 nm) and accelerated with a potential of 20
kV. PSD was induced by increasing the laser power,
and CAD was induced by introducing argon into a 0.5
cc cylindrical collision cell in the ion-source region so
that the pressure on an ion gauge that was located in the
ion source was 4 3 1024 Pa.
Results and Discussion
We begin with a description of ESI-source CAD because
it is the simplest and most readily implemented method
of activation, and no tandem mass spectrometer is
required. Although mass resolving power in the mass
spectrum of product ions produced by ESI-source CAD
is good, the method is generally not effective for deter-
mining a compound in a mixture because there is no
ability to select precursor ions. We also used ESI to
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produce, in an ion-trap mass spectrometer, multiply
charged, closed-shell anions, which we activated by
low-energy collisions. The precursor ions can be se-
lected with relatively low ambiguity, and the collision
energy can be varied. The low-mass ions, however, are
missing in the spectrum of product ions because there is
a low-mass cutoff in this instrument.
CAD and PSD of MALDI-produced ions were the
third and fourth means of decomposing precursor ions
in this study. The CAD of MALDI-produced ions gives
almost the same product-ion spectra as does PSD of
MALDI-produced ions, but the yield of product ions is
better under the CAD conditions. The experiments
using PSD or CAD of MALDI-produced ions also suffer
because the mass resolving power is poor, at least with
our TOF mass spectrometer.
In the following section, we will compare the product-
ion mass spectra obtained by the four different methods
discussed above. We proceed from a small system (6-
mers) to larger 8 and 10-mers in an effort to establish some
general rules of fragmentation and to test whether the
rules are independent of ionization and mass-analysis.
We, however, principally seek additional evidence to
support our previously proposed mechanism for forma-
tion of [a 2 B]2 ions [1]. These ions are of particular
interest because, if proton transfer to the base accom-
panies their formation, their abundance should corre-
late with the proton affinities of the nucleobases.
Hexadeoxynucleotides
The product-ion spectra of six pairs of isomeric 6-mers
taken with four different tandem mass spectrometers
are remarkably similar (Table 1 shows one pair of the
six as a representative). The most abundant cleavage
site is the 39 C™O bond adjoining the high PA base for
the four different ionization and mass-analysis methods
used to detect the ions. The production of [a3 2 B3]
2
ion in the MALDI CAD/PSD experiments, however,
even when B3 has a high PA, is suppressed. Because the
subject oligodeoxynucleotides have T at both ends and
undergo bi-directional fragmentation, we often cannot
distinguish d and w ions or b and y ions. Nevertheless,
the fragmentation generally gives w and y ions, as was
established in the previous study [1]. Of the six pairs of
isomeric hexadeoxynucleotides that we investigated,
we discuss in detail the fragmentation of two pairs
because their fragmentation is typical of the entire set.
d(TTTATT) and d(TTATTT). The most abundant frag-
ment ions from doubly charged d(TTTATT) under
Table 1. Comparison of the fragmentation, using four different tandem mass spectrometric methods, of 59d(TTGTTT)39 with that of
59d(TTTGTT)39
m/z
59d(TTGTTT)39 59d(TTTGTT)39
Ion Type
Low-energy
CAD RA(%)
a
MALDI
CAD
RA(%)
MALDI
PSD
RA(%)
Source
CAD
RA(%) Ion type
Low-energy
CAD RA(%)
MALDI
CAD
RA(%)
MALDI
PSD
RA(%)
Source
CAD
RA(%)
1338 a5 2 T nd
b
11 20 5 a5 2 T nd 9 ,5 10
1034 a4 2 T 5 nd ,5 10
1009 a4 2 G 95 100 100 63
954 w3 16 25 20 27
929 w3 100 100 100 90
705 a3 2 G 68 27 5 38 a3 2 T 10 11 nd 14
625 d2/w2 20 51 18 41 d2/w2 100 53 22 73
321 d1/w1 nd nd Nd 27 d1/w1 Nd nd nd 24
a
RA(%) 5 relative abundance in percent.
b
nd 5 not detected.
Figure 1. Low-energy CAD spectra of ESI-produced isomeric
[6-mers]22: (a) d(TTTATT) and (b) d(TTATTT).
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low-energy CAD condition are [a4 2 A]
2 and the com-
plementary w2
2 (Figure 1a). The most abundant product
ions from doubly charged d(TTATTT) are [a3 2 A]
2
and its complementary w3
2 (Figure 1b). These four
fragment ions have different m/z values and readily
distinguish the isomeric pair. Cleavage of the 39 C™O
bond adjoining the non-T or high proton-affinity (PA)
base, A, completes the fragmentation. As is usual, the
[M 2 A]22 is of low abundance (,5%). These observa-
tions are consistent with the mechanism we proposed
previously for tetranucleotide fragmentation (Scheme
2) and which is depicted here (Scheme 3). The common
precursor for the formation of [a4 2 A]
2 and w2
2 is
[M 2 A]22 (Schemes 3), which we view as a transient
zwitterion (a tripolar species consisting of a zwitterion
formed by proton transfer and fragmentation and the
additional negative charge from the ionization). Al-
though the initiating step for these decompositions is
proton transfer from the adjoining 59-phosphate group,
other phosphates may be involved provided they are in
the right conformation. Once the base is positively
charged, the N-glycosyl bond is polarized and under-
goes cleavage, giving a zwitterionic [M 2 A]22. The
intermediate must be short-lived, explaining its low
abundance on the mass-spectrometry time scale.
The relative abundance of w2
2 is slightly greater than
that of its complementary [a4 2 A]
2 (Figure 1a), and
that of w3
2 is approximately two times that of [a3 2 A]
2
(Figure 1b). This suggests there may be other mecha-
nisms for producing the former (e.g., a 1,2-elimination).
The product-ion spectra of the [M 2 H]2 precursors
obtained by using three other tandem mass spectrometric
measurements for this pair of isomers are similar and also
isomer-specific. The same conclusions also pertain to
d(TTGTTT) and d(TTTGTT), d(TTCTTT) and d(TTTCTT).
d(TTAGTT) and d(TTGATT). The most abundant pairs
of fragments from doubly charged d(TTAGTT) and
d(TTGATT) in low-energy CAD are [a3 2 B3]
2, [a4 2
B4]
2, and their complementary w3
2 and w2
2 ions (data
not shown). Once again, the isomers can be readily
distinguished on the basis of the facile cleavage of the 39
C™O bonds adjoining the high-PA bases. The relative
abundance of fragments formed by losses of neutral bases
from the doubly charged precursor is low (,10%), pro-
viding more support for the proposal that the products
from loss of base are short-lived intermediates.
An effective means of investigating the chemistry of
singly charged precursors is to use PSD and CAD of
MALDI-produced ions. The most abundant fragment ions
formed in PSD are those that result by cleavage of 39 C™O
bond adjoining the high-PA bases; for example, w3 ion
(Figure 2a and 2b), [a4 2 G]
2 ion (Figure 2a) and [a4 2
A]2 ion (Figure 2b). The major difference between the PSD
and low-energy CAD spectra is that the series of sequence
ions b/y, d/w, and c/x are seen in the former. Although
Scheme 3. Mechanism for the formation of [a4 2 B4]
2 and the complement w2 ion from doubly
charged hexadeoxynucleotides.
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these latter ions do not distinguish structural isomers, they
do provide more complete sequence information.
The other two MS/MS approaches (i.e., ESI source-
CAD and MALDI CAD) produce results that are com-
parable to those from low-energy CAD and PSD. All
four tandem methods distinguish these and the other
structural isomers, d(TTACTT) and d(TTCATT) as well
as d(TTGCTT) and d(TTCGTT), underscoring general-
ity of method.
Octadeoxynucleotides
We expanded the T-rich system to octadeoxynucleo-
tides by adding a T at each end of the hexamers. The
fragmentation of six pairs of octadeoxynucleotides, as
determined by using the four mass spectrometric meth-
ods, is similar (Table 2 shows a representative pair of
the six). Low-energy CAD of doubly charged precur-
sors gave the most simple and easy-to-interpret prod-
uct-ion spectra. The most facile cleavage is again at the
39 C™O bond adjoining the non-T, high-PA base. All
four MS methods distinguish the structural isomers.
We consider a pair of isomeric 8-mers that have only
one high-PA base ensconced in a T-rich template. The
product-ion spectra of doubly charged d(TTTATTTT)
and d(TTTTATTT) are remarkably simple (data not
shown). The fragmentation is similar for two other pairs
of isomers that contain only one high PA base [d(TTT
TGTTT) and d(TTTGTTTT); d(TTTTCTTT) and d(TT
TCTTTT)]. These isomers also decompose at the 39 C™O
bond adjoining the high-PA bases (G or C) to give [a 2
B]2 and the complementary w ions. There are no other
product ions at a relative abundance of .5%.
We then chose a pair of isomeric 8-mers that have
two high-PA bases. For doubly charged d(TTTAGTTT)
(Figure 3a) and d(TTTGATTT) (Figure 3b), the predom-
inant fragments produced in low-energy CAD are [an 2
B]2 and the complementary w82n. For two other pairs
of isomers, d(TTTCATTT) and d(TTTACTTT) as well as
d(TTTCGTTT) and d(TTTGCTTT)], the fragmentation
patterns are similar and consistent with the picture
discussed above.
In an analytical procedure where T-rich isomeric
octamers were isolated from DNA after PCR amplifica-
tion, one could choose to sequence either the T-rich
strand or its complementary A-rich strand to character-
ize a mutation. The low-energy CAD spectra of a pair of
isomeric A-rich 8-mers (Figure 4) shows that A-rich oli-
godeoxynucleotides fragment more extensively than the
Figure 2. PSD spectra of MALDI-produced isomeric [6-mers]2:
(a) d(TTAGTT) and (b) d(TTGATT).
Table 2. Comparison of the fragmentation, using four different tandem mass spectrometric methods, of 59d(TTTTGTTT)39 with that
of 59d(TTTGTTTT)39
m/z
59d(TTTTGTTT)39 59d(TTTGTTTT)39
Ion Type
MALDI
CAD
RA(%)
a
Low-energy
CAD RA(%) Source
CAD
RA(%)
MALDI
PSD
RA(%) Ion Type
MALDI
CAD
RA(%)
Low-energy
CAD RA(%) Source
CAD
RA(%)
MALDI
PSD
RA(%)22 32 22 32
1338 a5 2 T nd
b
nd nd nd nd
1313 a5 2 G 100 100 16 84 100
1258 w4 ,5 nd ,5 ,5
1233 w4 100 nd 30 94 100
1178 y4 nd nd 12 nd nd
1153 y4 6 nd 28 8 11
1009 a4 2 T nd nd 16 9 10 a4 2 G 19 80 100 100 10
929 d3/w3 26 88 100 100 50 d3/w3 10 nd 22 18 8
849 b3/y3 nd nd 8 13 ,5 b3/y3 nd nd nd 16 nd
a
RA(%) 5 relative abundance in percent.
b
nd 5 not detected.
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T-rich. All the 39 C™O bonds undergo cleavage with nearly
equal probability. The two A-rich isomers can be distin-
guished because the [a5 2 G]
2 from d(AAAAGAAA) has
a different m/z value than the [a5 2 A]
2 from d(AAA
GAAAA). The spectra of T-rich oligodeoxynucleotides are
simple and contain information to obtain a complete
sequence, making them the preferred choice for identify-
ing and quantifying isomers in mutation studies.
Decadeoxynucleotides
Expanding the system to oligodeoxynucleotides con-
taining 10 bases, we find the low-energy CAD spectra of
doubly charged d(TTTTTGTTTT) and d(TTTTGTTTTT)
to be remarkably simple (data not shown), as expected.
The two complementary products from cleavage of the
39 C™O bond adjoining the high-PA base dominate the
product-ion spectra.
Formation of [a 2 B]2 Ion
If proton transfer to the nucleobase is the initiating step
in the fragmentation, the relative abundance of [a 2
B]2 ions and the nucleobase proton affinities would
correlate, providing additional evidence. The system
we chose to characterize in a semiquantitative way is
that of T-rich octamers having one and two high PA
bases embedded in the center. Before attempting a
correlation, we realized that not only the proton affinity
but also the position of the nucleobase will affect the
formation of [a 2 B]2 ion. Therefore, we developed a
procedure to correct for positional selectivity.
To determine positional effects, we incorporated two
high PA bases (G, A and C) into the third and the sixth
positions of a T-rich 8-mer. The low-energy CAD spec-
tra of doubly charged d(TTGTTGTT), d(TTATTATT),
and d(TTCTTCTT) (Figure 5a–c) show that the [a6 2
B]2 ion is always more abundant than [a3 2 B]
2 irre-
spective of the nature of the base. Therefore, formation of
an [a6 2 B]
2 ion is more facile than that of [a3 2 B]
2. We
then investigated positional selectivity when the high-PA
bases are adjoining and in the center of the T-rich tem-
plate. The low-energy CAD spectra of doubly charged
d(TTTGGTTT), d(TTTAATTT), and d(TTTCCTTT) show
that the [a5 2 B]
2 and [a4 2 B]
2 have comparable abun-
dances when the two high PA bases are in the middle (see
Table 3). An average abundance ratio of [a5 2 B]
2 to [a4 2
B]2 was obtained from the spectra (upper portion of Table
3); the lower portion of Table 3 summarizes the results
obtained for the six pairs of 8-mers.
We now can obtain, using the ratio that was obtained
in the upper portion of Table 3, relative abundances of
[a5 2 B]
2 that are corrected for location of the nucleo-
base (labeled as [a5 2 Y]* in the table). The differences
in the relative abundance between [a5 2 B]
2 and [a4 2
B]2 (labeled as D* in the table) reflect the effect of proton
affinity on the formation of [a 2 B]2 ion. We find that
largest differences are for G (D* 5 93), C (D* 5 92) and
A (D* 5 88) when compared with T (see column labeled
Figure 3. Low-energy CAD spectra of ESI-produced isomeric
[8-mers]22: (a) d(TTTAGTTT) and (b) d(TTTGATTT).
Figure 4. Low-energy CAD spectra of ESI-produced isomeric
[8-mers]22: (a) d(AAAAGAAA) and (b) d(AAAGAAAA).
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with D* in Table 3). We find the average D* (D* 5 44) is
largest for G and A, intermediate for G and C (D* 5 30)
and smallest for C and A (D* 5 21). Therefore, the ease
of formation for [a 2 B]2 is in the order: G . C ’ A ..
T. This order exactly parallels that of the proton affini-
ties of G, A, C and T [12], demonstrating that proton
transfer to the nucleobases plays an essential role in the
fragmentation of oligodeoxynucleotides.
Isomeric Oligodeoxynucleotides Modified with
Methylphosphonate
To establish the source of proton transfer, we system-
atically removed charge and proton sites by substitut-
ing a methylphosphonate linkage (indicated as p*) for
that of the phosphodiester and measured the effect on
formation of [a 2 B]2 ions.
A comparison of the low-energy CAD spectra of
singly charged d(AAAA) with
that of d(Ap*AAA) (data not shown) reveals that [a3 2
A]2 for d(Ap*AAA) is suppressed from 20% to 4% of
the total product-ion current (TIC) of the unmodified
d(AAAA). In order that d(Ap*AAA) fragments to give
[a3 2 A]
2, the second phosphate must transfer its acidic
proton, but the [a3 2 A]
2 will not be detected because
the charge bearing site (first phosphate) is eliminated by
the modification. For d(AAp*AA), the abundance of
[a3 2 A]
2 is 6% TIC. Formation of [a3 2 A]
2 requires
transfer again from the second phosphate, but the
second phosphate has no acidic protons. Full suppres-
sion of the reaction does not occur probably because
there is a second source for proton transfer; namely, the
deoxyribose of the flexible, gas-phase oligodeoxynucle-
otide. For d(AAAp*A), both the 59-phosphate proton
Figure 5. Low-energy CAD spectra of ESI-produced iso-
meric [8-mers]22: (a) d(TTGTTGTT), (b) d(TTATTATT) and
(c) d(TTCTTCTT).
Table 3. Average D* for six pairs of isomeric T-rich oligodeoxynucleotides. D* is defined as the difference in the relative abundances
between [a4 2 X] ions and the corrected form of [a5 2 Y] ions
[TTTXYTTT]22 [a4 2 X] (RA%) a5 2 Y (RA%) [a4 2 X]:[a5 2 Y] Aver Ratio of [a4 2 X]:[a5 2 Y]
X 5 Y 5 G 95 84 1.13
X 5 Y 5 A 85 90 0.94 1.05
X 5 Y 5 C 75 70 1.07
[TTTXYTTT]22 [a4 2 X] (RA%) [a5 2 Y] (RA%) [a5 2 Y]* (RA%) D* Average D*
X 5 C, Y 5 A 80 52 55 25 21
X 5 A, Y 5 C 76 88 92 16
X 5 T, Y 5 G 0 100 105 105 93
X 5 G, Y 5 T 80 0 0 80
X 5 A, Y 5 T 70 0 0 70 88
X 5 T, Y 5 A 0 100 105 105
X 5 C, Y 5 G 35 62 65 30 30
X 5 G, Y 5 C 82 50 53 29
X 5 T, Y 5 C 0 100 105 105 92
X 5 C, Y 5 T 78 0 0 78
X 5 A, Y 5 G 50 100 105 55 44
X 5 G, Y 5 A 94 58 61 33
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and the charge-carrying site are also available for forma-
tion of [a3 2 A]
2, and its abundance is now 10% of TIC.
Comparing the low-energy CAD spectra of singly
charged d(AAAAA) with those of d(Ap*AAAA),
d(AAp*AAA), d(AAAp*AA), and d(AAAAp*A) (Fig-
ure 6a–e), we see that the formation of [a3 2 A]
2 is
Figure 6. Low-energy CAD spectra of ESI-produced methylphosphonate-substituted isomeric
[5-mers]2: (a) d(AAAAA), (b) d(Ap*AAAA), (c) d(AAp*AAA), (d) d(AAAp*AA) and (e)
d(AAAAp*A).
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reduced for d(Ap*AAAA) (Panel A) from 16% of the
TIC to ,5% because there is no charge-bearing site for
this ion. The lack of a transferable proton suppresses
formation of [a3 2 A]
2 for d(AAp*AAA) (Panel C) to
,5% and of [a4 2 A]
2 for d(AAAp*AA) (Panel D) to
7% TIC. The oligomer d(AAAAp*A) (Panel E), how-
ever, fragments to give a relatively abundant [a4 2 A]
2
(14% TIC) ions because the nearby 59-phosphate and the
charge bearing sites are available.
These substitution experiments reveal that it is the
59-phosphate proton that is principally transferred to the
adjoining nucleobases to give [a 2 B]2. These observa-
tions are obscured in larger systems (6-mers and greater;
data not given) because the flexibility of gas-phase oligo-
nucleotides makes it possible for other phosphates or
deoxyribose groups to serve as the proton source.
Conclusions
The results from a substantial series of hexamers, oc-
tamers and decamers and those of previous studies [1,
9, 10] provide significant support for a fragmentation
mechanism involving proton transfer from the adjoin-
ing 59-phosphate to the nucleobase. The zwitterionic
[M 2 B]2 intermediate, which has a third charge site
from the ionization event, serves as the common pre-
cursor for the formation of [a 2 B]2 and the comple-
mentary w ions. Substituting a methylphosphonate link-
age in place of a phosphate in a normal oligodeoxynucleo-
tide shows that the principal source of the transferred
proton is the 59 phosphate. The primary recipient is the
nucleobase, as verified by the strong correlation be-
tween the relative abundance of the [a 2 B]2 ions and
the proton affinities of nucleobases that are eliminated
in the fragmentation of twelve 8-mers. The concordance
of results from the various MS/MS methods demon-
strates that these oligodeoxynucleotides can be success-
fully determined by any available MS/MS method.
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